Advanced glycation endproducts (AGEs) are a heterogeneous group of compounds that form via non-enzymatic glycation of proteins throughout our lifespan and at a higher rate in certain chronic diseases such as diabetes. AGEs contribute to the progression of fibrosis, in part by stimulating cellular pathways that affect gene expression. Long-lived ECM proteins are targets for nonenzymatic glycation but the question of whether the AGE-modified ECM leads to excess ECM accumulation and fibrosis remains unanswered. In this study, cellular changes due to AGE accretion in the ECM were investigated. Non-enzymatic glycation of proteins in a decellularized fibroblast ECM was achieved by incubating the ECM in a solution of methylglyoxal (MGO). Mass spectrometry of fibronectin (FN) isolated from the glycated matrix identified twenty-eight previously unidentified MGO-derived AGE modification sites including functional sites such as the RGD integrin-binding sequence. Mesangial cells grown on the glycated, decellularized matrix assembled increased amounts of FN matrix. Soluble AGE-modified bovine serum albumin (BSA) also stimulated FN matrix assembly and this effect was reduced by function-blocking antibodies against the receptor for AGE (RAGE). These results indicate that cells respond to AGEs by increasing matrix assembly and that RAGE is involved in this response. This raises the possibility that the accumulation of ECM during the progression of fibrosis may be enhanced by cell interactions with AGEs on a glycated ECM.
Introduction
Non-enzymatic glycation of protein amino groups is a naturally occurring process that is accelerated under hyperglycemic conditions. A series of reactions lead to the formation of a advanced glycation endproducts (AGEs) [1, 2] that modify arginine and lysine side chains as single adducts or as crosslinks between nearby residues [1] . AGEs accrue throughout the lifetime of an individual and have been linked to the overall aging of tissue proteins [3, 4] . AGEs are also associated with diseases including cancer [5] , cardiovascular disease [6] , neurodegenerative disorders [7] , and a host of diabetic disorders. Complications from AGE exposure in diabetic individuals lead to retinopathy, neuropathy, vasculopathy, and nephropathy [1] . AGEs can also be exogenously absorbed through diet [1] . Diabetes and other chronic diseases are characterized by changes in the amount and organization of the extracellular matrix (ECM) [5, [8] [9] [10] [11] . Therefore, in order to understand the progression of AGE-related disease in a global sense, it is essential to characterize the AGE-ing process within the ECM.
Normal developmental processes and tissue homeostasis rely on regulated assembly of a tissue-appropriate ECM. Dysregulation of ECM assembly, as occurs in many diseases, leads to fibrosis, which is characterized by an accumulation of disorganized ECM proteins and insoluble matrix fibrils. Fibronectin (FN) and collagens are major components of the ECM and are increased in fibrotic tissue [12] . FN matrix fibrils form a critical template for the incorporation of other ECM components into the matrix; both fibrillar and network-forming collagens depend on FN [13] [14] [15] [16] . As a result, changes in FN matrix assembly can have wide-ranging effects on the overall organization and composition of the ECM.
Non-enzymatic glycation of ECM proteins can affect their functions. AGE-modification of collagens I and IV have been shown to affect interactions with other ECM components and the ability to support cell adhesion and migration [17] [18] [19] [20] . Cooperative interactions between FN, collagen I or IV, and heparin were reduced by AGE-modification [21, 22] . Mass spectrometric analyses have identified a range of AGEs on proteins and have revealed preferential sites of non-enzymatic glycation on ribonuclease [23] [24] [25] . However, AGE modification sites and types have not yet been identified on FN. Additionally, AGE modifications can activate intracellular pathways through binding to their receptor RAGE [26] . Whether this AGE-RAGE axis has an effect on FN matrix assembly remains to be elucidated.
In the kidney, the mesangial cell ECM supports the organization and filtration activity of the capillary bed in the glomerulus. Poor glycemic control results in chronically high blood glucose levels, manifesting in metabolic changes that lead to increased mesangial ECM [27] . We recently showed that elevated glucose levels increase mesangial cell matrix assembly by stimulating the activation of α5β1 integrin, the receptor responsible for FN matrix assembly [15] . This increase in FN matrix promoted deposition of type IV collagen. Non-enzymatic glycation is another complication of hyperglycemia, and AGEs have been implicated in the progression of fibrotic conditions in glomerulosclerosis [28] , as well as atherosclerosis [29] [30] [31] [32] . Since a major component of these lesions is FN [9, 33, 34] , here we investigated the effects of a glycated FN matrix on mesangial cell-ECM interactions. Our results identify specific sites of AGE-modification within the matrix and show that an AGE-modified ECM stimulates mesangial cell matrix assembly.
Results

Identification of AGE modification sites on FN
Glucose is the most metabolically utilized sugar, but there are other more reactive sugars such as methylglyoxal (MGO), which is formed during anaerobic glycolysis and as an intermediate in lipid and protein decomposition [35, 36] . Although always present, MGO levels increase under hyperglycemic conditions [37] . Certain AGEs are fluorescent such as the MGO-arginine adduct argpyrimidine [38] . Monitoring increases in fluorescence provides a useful measure of the progress of MGO-mediated non-enzymatic glycation. A GST fusion protein containing the III 9-10 modules of FN, which includes the functionally relevant RGD and synergy sequences for integrin binding [39] , was utilized to determine the relative rate of non-enzymatic glycation. The III 9-10 modules are rich in lysines and arginines, the primary amino acids targeted by glycating agents. The small size of GST-III 9-10 compared to full length FN is advantageous for identifying the types of AGEs that form during sugar incubations. This fusion protein was incubated in buffered 0.1 mM MGO or in buffer without MGO and the fluorescence was monitored at excitation/emission wavelengths of 335/385 nm over 14 days. Fluorescence levels in the MGO-treated sample continued to increase over time, reaching a maximum increase after 7 days ( Figure 1A ), so subsequent treatments were carried out for 7 days.
To identify the types of AGE modifications and the specific arginine and lysine residues susceptible to modification during MGO or glucose treatment, a mass spectrometry-based proteomic approach was performed. First, treated GST-III 9-10 was subjected to an insolution chymotrypsin digestion. Then, the chymotryptic peptides were analyzed by nanoliquid chromatography coupled to tandem mass spectrometry to separate AGE-modified peptides and identify the specific AGE modifications and their respective residue. Although most global proteomics studies employ trypsin digestion, we selected chymotrypsin to digest FN for two reasons. First, unlike trypsin, chymotrypsin digestion would not be impaired at AGE-modified lysine and arginine sites [23] . Second, the theoretical chymotryptic digest of FN predicted adequate sequence coverage when using this digestion strategy. While early glycation products have the potential to mature into a wide variety of AGEs, different glycating agents can give rise to distinct types of AGEs [25] . Therefore, the primary goal in profiling the AGE modification status of the III 9-10 protein was to confirm that the glycating agents (glucose and MGO) induced the predicted AGE modifications and that the modifications could be identified by the proteomic and computational analysis. The predominant AGEs that can be derived from either glucose or MGO modification include [2] : N ε -carboxymethyl lysine (CML), N ε -carboxyethyl lysine (CEL), 3-deoxyglucosone hydroxyimidazolidine (3DG-H), N δ -(5-hydro-4-imidazolon-2-yl)ornithine (G-H), hydroxyimidazolidine (MG-H) and dihydroxyimidazolidine (MG-DH), argpyrimidine, dihydropyrimidine, and tetrahydropyrimidine.
Using tandem mass spectrometry, peptides covering the entire III 9-10 sequence were detected, which allowed a reliable assessment of its AGE modification status. Eleven arginine and three lysine residues within the III 9-10 modules were modified with at least one type of AGE modification after treatment with glycating agents ( Figure 1B ). All 11 AGE-modified arginine residues were identified with AGE modification in MGO-treated GST-III 9-10 , while only seven of these were found upon incubation with glucose. In contrast, the three lysine residues were identified with AGE modifications in the glucose-treated but not MGO-treated GST-III 9-10 protein (Supplemental Table 1 ).
Overall, a total of nine different AGE species were detected and their prevalence varied with the treatment (Figure 1C ; Supplemental Table 1 ). The mass spectrometry analysis provides information regarding the number of spectra obtained for each identified peptide, i.e. the number of times a unique amino acid sequence is identified during an LC-MS/MS acquisition. While spectral counting is not appropriate for comparing abundances between different sites, it can be used to evaluate the relative preference for specific types of AGE modifications at a given site as a function of the glycating agent. To visualize AGE preferences at each site, a heat map was constructed from the combined mass spectrometry spectral counting data for all three treatments (control, glucose, and MGO). To generate the heat map, the number of spectra identified for the AGE modification that was observed most frequently at that site was set to 1 (the darkest shade of red) ( Figure 1C ). The proportion of spectra for each of the other AGE modifications at that site was calculated relative to the most abundant one, and the fraction is illustrated in the heat map as a lighter gradation of red. As expected, the predominant type of AGE modification differed depending on the glycating agent ( Figure 1C ). MGO treatment generated MG-derived species, including MG-H, MG-DH, THP, and argpyrimidine, while the main AGE modification identified on the three lysine residues in glucose-treated GST-III 9-10 was the Amadori intermediate ( Figure  1C ). AGE modifications on the III 9-10 modules were also identified after incubation in buffer alone, but with less diverse AGE types and with many fewer spectra per AGE type ( Figure  1C ; Supplemental Table 1 ). It is likely that these glycation events occurred during expression and purification of the GST-III 9-10 fusion protein. All of the arginines and lysines in this domain are in solvent-accessible regions in the crystal structure of III [9] [10] [40] , so it was not surprising that 14 out of the 15 arginines and lysines in this domain were glycated during the 7 day incubation. In summary, the increased number of identified AGE-modified spectra and preferential identification of Amadori-derived and MGO-derived AGEs after treatment with glucose and MGO, respectively, reinforces the suitability of the treatment conditions and mass spectrometry-based proteomics strategy.
Identifying AGE modifications on FN within a cell-derived ECM will provide information about the availability of domains within the three-dimensional fibrillar and multi-component architecture of the matrix. To generate a glycated ECM, we decellularized a mouse NIH 3T3 fibroblast matrix following our established protocol [41] and then incubated it in a solution of glucose or MGO or in buffer alone. Matrices were solubilized, FN was resolved by SDS-PAGE, and the FN gel band was digested with chymotrypsin. After digestion and tandem mass spectrometry analysis of chymotryptic FN peptides, the AGE modification sites and overall sequence coverage were aligned with a diagram of a FN monomer (Figure 2A, B) . As predicted by the in silico digest, relatively high FN sequence coverage (86 %, 2138/2477 amino acids) was obtained, as indicated by a schematic of colored lines for each peptide detected and by the plot of summed identified spectra along the length of FN ( Figure 2B ). AGE modifications were detected on amino acid residues spanning the length of FN ( Figure  2A ). Several MGO-AGE modification sites were clustered in the integrin-binding III [9] [10] domain and in the III 13 heparin-binding module; these sites included the RGD arginine (R1614) and an arginine in the cationic cradle heparin-binding groove (R1925). Only four residues were glycated in the III 9-10 domain of matrix FN compared to 14 residues in GST-III 9-10 treated in vitro. It is possible that some of these residues are protected from reaction by interactions of FN within fibrils. This mechanism also may play a role more generally along the FN domain architecture, as there appears to be a selectivity in which residues were modified. While the majority of the FN sequence was detected ( Figure 2B ), AGE modifications were identified of only 28 of the 210 arginines and lysines. Interestingly, all 28 of these sites in FN were AGE modified under MGO treatment conditions, with fewer sites of modification identified in either buffer alone or glucose treatment ( Figure 2C ; Supplemental Table 2 ). Moreover, AGE modifications arising from MGO treatment were primarily in the form of MG-H and MG-DH ( Figure 2C ), consistent with the III 9-10 fragment experiments and the known chemistry of MGO. Since the cells were grown in glucose-containing medium, a basal level of glycation was expected in the control-treated decellularized matrix. The concomitant decrease in G-DH and increase in MGO-derived AGEs between control and MGO-treated matrix most likely is the result of the reversibility of the Amadori intermediate, as the more reactive MGO could replace the glucose-derived intermediates throughout the 7-day incubation. All of the sites with MG-H and MG-DH modifications were either identified exclusively or with greater numbers of spectra in the MGO-treated decellularized matrix compared to the control ( Figure 2C ; Supplemental Table  2 ). When examining the AGE modifications across all detected sites (representing > 95% of all detected modified spectra), the total of 87 modified spectra in the control increased to 154 in MGO-treated FN, supporting an elevated overall AGE-modification burden after MGO treatment (Supplemental Table 2 ). In summary, the mass spectrometry approach has provided information about the AGE modification sites on FN within an ECM, leading to the unambiguous identification of 28 residues available for modification. Since the relative levels of AGE modifications were higher in MGO-treated matrix compared to both the control and glucose-treated matrices, MGO was utilized as the glycating agent in subsequent experiments. Moreover, differences in accessibility of FN domains to modification when within a matrix may provide insights into the effects of AGEs on FN function.
Cell attachment on AGE-modified FN
The arginine in the RGD sequence was AGE-modified in both the GST-III 9-10 protein and in matrix FN. To test whether AGE modifications affect cell-FN interactions, MGO-treated GST-III 9-10 was used in a cell adhesion assay with mesangial cells. After 1 hour, approximately 50% fewer mesangial cells had attached to the MGO-treated GST-III 9-10 than to the control buffer-treated protein ( Figure 3A ). Mesangial cells also attached less readily to MGO-treated matrix initially. After 2 hours of adhesion, approximately 30% fewer mesangial cells had attached to the MGO-treated matrix than to the buffer-treated matrix ( Figure 3B ). This reduction in attachment was transient, and by 6 hours there was no difference between the numbers of cells attached on MGO versus buffer-treated matrices ( Figure 3C ). These results indicate that glycation reduces the total number of available cell binding sites which delays but does not prevent cell adhesion on the matrix.
Stimulation of FN matrix assembly by AGE-modified ECM
Accumulation of AGEs has been associated with the development of fibrotic conditions as in diabetic nephropathy [28] , suggesting that an AGE-modified cellular environment might increase matrix protein deposition. To test whether cell-mediated matrix assembly is stimulated by AGEs, we glycated a decellularized ECM and used it as a substrate to culture mesangial cells. MGO-treated and buffer-treated decellularized matrices produced by mouse NIH 3T3 cells were visualized by staining in the absence of mesangial cells, which showed equivalent fibrillar networks independent of the treatment ( Figure 4A ). In order to follow new FN assembly over the background of the decellularized matrix, mesangial cells were cultured in the presence of exogenous rat FN and new FN fibril formation was detected both biochemically and microscopically using a rat FN-specific monoclonal antibody. With similar numbers of mesangial cells attached to the ECM ( Figure 4A , phase), significantly more FN fibrils were assembled on MGO-treated compared to control-treated matrix ( Figure  4A , Rat FN). Quantification of fluorescence in random fields revealed that the average fluorescence intensity was significantly higher on AGE-modified matrix compared to control-treated matrix ( Figure 4A ). Quantification of the deoxycholate (DOC)-insoluble FN, a biochemical readout of the irreversible maturation of FN matrix [42] , shows that mesangial cells grown on MGO-treated matrix assemble about 5-fold more FN matrix than cells on control matrix ( Figure 4B ). Furthermore, FN mRNA levels increased 1.34-fold in mesangial cells grown on MGO-modified matrix as compared to the control-treated matrix (1.34 ± 0.06; n = 3). Collagen IV mRNA levels, however, were not significantly different when mesangial cells were grown on MGO-modified matrix (n = 3). Together these results clearly demonstrate that a glycated matrix stimulates cells to significantly increase FN matrix assembly.
Stimulation of FN matrix assembly by AGE-modified BSA
Although long-lived insoluble ECM proteins such as FN are ideal targets for non-enzymatic glycation, AGEs also form on soluble, shorter-lived proteins such as hemoglobin [43] . To determine whether the increase in matrix assembly results from AGE modifications on ECM specifically or whether any AGE-modified protein would have this effect, soluble AGEmodified BSA was added to the culture medium of mesangial cells growing on tissue culture plastic. After 24 hours, exogenous rat FN was added and matrix was analyzed after another 24 hours. There was a significant increase in FN fibrils assembled by cells treated with AGE-BSA as compared to BSA treatment as measured by average fluorescence intensities (1.15 ± 0.01; Figure 5A ) and by quantitative immunoblotting of the DOC-insoluble FN matrix ( Figure 5B ). These data show that exposure of cells to a soluble AGE-modified protein has a similar effect on FN matrix assembly as adhesion on an AGE-ECM.
Cells recognize AGEs through the cell surface receptor for AGE (RAGE) [26] . RAGE is known to activate a variety of pathways that are implicated in changes in ECM expression levels [44] . In particular, the AGE MG-H found in MGO-treated decellularized matrix is known to bind RAGE [45] . Since mesangial cells express RAGE [46] , a function-blocking anti-RAGE antibody was used to test whether RAGE might contribute to AGE-induced matrix assembly [47] . Mesangial cells were treated with AGE-BSA and the antibody was added along with rat FN for the final 24 hours of treatment. Matrix assembly was analyzed by immunofluorescence staining and immunoblotting of DOC-insoluble matrix. With the addition of RAGE function-blocking antibody and AGE-BSA, there were fewer FN fibrils formed ( Figure 6A ) and the DOC-insoluble FN was decreased ( Figure 6B ) as compared to mesangial cells grown in the AGE-BSA control treatment. No change in DOC-insoluble FN was detected with a control antibody against lysyl oxidase (LOX) (Supplemental Figure 2) . These data support the contention that RAGE plays a role in the effects of AGE-BSA on FN matrix assembly.
Discussion
Increases in non-enzymatic glycation and AGE modifications have been linked to changes in gene expression that can lead to fibrosis [26, 48] . Here we investigated whether AGEs also affect the assembly of the ECM. Our mass spectrometry analyses show that there are multiple sites of AGE modification on FN within matrix fibrils including functionally relevant sites such as the RGD arginine essential for integrin binding. Importantly, we found that mesangial cells are stimulated to assemble FN matrix when grown on an AGE-modified decellularized matrix. This increase in FN matrix appears to be an AGE-dependent response since soluble AGE-BSA also stimulates mesangial cell matrix assembly, at least in part through the AGE receptor RAGE. Together, these results suggest that pathways downstream of AGEs promote FN matrix assembly, which may help to explain the link between nonenzymatic glycation and fibrosis.
Non-enzymatic glycation is a relatively slow reaction that is dependent upon a multitude of factors, including the concentration and type of the glycating agent. In this study, MGO treatment increased the relative amounts of AGEs in FN from a decellularized matrix compared to both glucose and control treatments. The hydroimidazolones MG-H and MG-DH are common when MGO is the glycating agent [25] , which were the primary types of AGEs identified following MGO treatment. MGO-derived AGEs are known to bind to RAGE [45] , and RAGE activates intracellular pathways including ERK/MAP kinase [48] , which regulates FN matrix assembly [49] . Furthermore, MGO-derived AGEs have been implicated in AGE diseases, as hydroimidazolones have been detected as the major AGEs on lens proteins and shown to contribute to cataract formation in vivo [50] .
The location of AGEs on FN provides insights into the factors that determine whether a site is modified. Both the integrin and heparin-binding domains were targets for AGE modification, and these structural changes could have profound effects on FN function. The preferential clustering of non-enzymatic glycation in these regions may be based on solvent accessibility, as both the integrin-binding and heparin-binding sites are able to bind their partners from within fibrils [40, 51] . In contrast, the I 1-5 and the III 1-2 domains, the two major FN-FN binding sites, were very minimally modified. MGO incubation of a GST-III 1-2 fusion protein in solution modified 8 of 11 lysines and arginines, indicating that the sites can be modified (unpublished observations). The lack of glycation in I 1-5 and III 1-2 in matrix FN suggests that these domains have limited susceptibility to AGE modification most likely because they are involved in intermolecular interactions within fibrils. Besides solvent accessibility and the glycating agent, other factors may influence the probability that a site is AGE-modified. For example, neighboring groups to lysine or arginine residues may impact their basicity and render these sites suboptimal for AGE modification [2] .
Both AGE-modified ECM and soluble AGE-BSA affected cell-mediated matrix assembly in our in vitro system. In vivo, however, it is possible that AGE-induced changes in the structure or organization of the ECM itself may also affect cell-mediated matrix assembly. Since collagens and other ECM proteins depend on FN matrix for assembly [39] , AGE modification of FN residues in binding sites for those proteins could affect their incorporation into the matrix thus changing ECM composition. Monoadduct AGEs on the RGD arginine and the heparin-binding cationic cradle could block integrin and syndecan binding, respectively, and by affecting cell-ECM interactions may lead to a compensatory increase in ECM protein expression or matrix reorganization by mesangial cells. Another potential effect of RGD modification might be an increase in unoccupied FN receptors, which could participate in and increase the assembly of unmodified protein. In addition, AGE modifications may change the conformation of FN to promote fibrillogenesis, as FN binding is enhanced when mechanically stretched [52] . Certain AGEs also form intra-or intermolecular crosslinks [2] . AGE-induced cross-linking has been shown to increase the stiffness of collagen [53] , and chemically crosslinking FN matrix stabilizes it and reduces fibril breakage by shear forces [54] . Increased tissue stiffness also increased FN matrix assembly [55] . Therefore, AGE-induced crosslinking of FN within the matrix might be another mechanism to promote matrix accumulation. As mass spectrometry-based proteomic strategies continue to mature, the identification of crosslinked species should become more straightforward and aid in understanding their contribution to FN matrix assembly. Although the above discussion related to FN matrix assembly, the impact of AGEs on the ECM can also occur through modification of any of the many other components that form the ECM. From a technical perspective, the mass spectrometry-based proteomic approach we developed to identify AGE-modified FN sites could be readily adapted to other ECM proteins.
The AGE-RAGE axis has been linked to many intracellular signaling pathways [26, 48] . RAGE-dependent changes in gene expression can occur through NF-κB, JAK/STAT, and MAP kinase pathways leading to increased levels of various cytokines and growth factors [48] . The accumulation of AGE-modified proteins has been shown to increase ECM protein expression [56] . In the glomerulus, the exogenous addition of AGEs into mice increases the expression of collagen IV and laminin [8] , fitting with our observed increase of FN mRNA in mesangial cells on an MGO-treated matrix. Src kinase, TGF-β, and Rho GTPase/ROCK have been implicated in the stimulation of cell proliferation and migration downstream of RAGE [26, 48, 52, [57] [58] [59] [60] . Each of these molecules has a role in the normal process of FN matrix assembly. Therefore, our results showing AGE stimulation of matrix assembly may result from a combinatorial effect on multiple pathways involved in this process.
The effect of AGEs on the amount of ECM suggests that, in addition to FN assembly induced in mesangial cells by high glucose levels [15] , these modifications also contribute to the development of a fibrotic state. Furthermore, a fibrillar matrix environment on its own stimulates FN matrix assembly [41] . Therefore, glucose-and AGE-enhanced assembly leading to build up of matrix may activate a cycle of assembly that provides a mechanism for the chronic progression of diabetes-related fibrosis.
Experimental Procedures
Fibronectin and antibodies
Fibronectin was purified from fresh frozen rat plasma by gelatin-Sepharose affinity chromatography [61] . The anti-FN antibodies used were: polyclonal antiserum R457 raised against the N-terminal 70-kDa fragment of rat FN [62] and rat-specific anti-FN monoclonal antibody IC3 from ascites fluid. An antibody against GAPDH (14C10, Cell Signaling, Danvers, MA, USA) was used as a loading control. Secondary antibodies used were horseradish peroxidase-conjugated (HRP) goat anti-mouse IgG, HRP-goat anti-rabbit IgG (Pierce Chemical Co., Rockford, IL, USA) and Alexa Fluor 488 and 568-conjugated goat anti-mouse, goat anti-rabbit, and goat anti-rat IgG (Invitrogen, Eugene, OR, USA).
Cell culture
Conditionally immortalized mesangial cells were isolated from an Immortomouse as described previously [63] and were kindly provided by Drs. Ambra Pozzi and Roy Zent, Vanderbilt University Medical School. These cells express a temperature-sensitive SV40 large T antigen when grown in the presence of interferon-γ at 33 °C. Cells were maintained at 33 °C in the presence of 100 IU/ml interferon-γ (Sigma, St. Louis, MO, USA) and 10% fetal bovine serum (Hyclone, Logan, UT, USA) in Dulbecco's Modified Eagle Medium (DMEM; Life Technologies, Grand Island, NY, USA) with 1mM sodium pyruvate, 100 U/ml penicillin, 100 µg/ml streptomycin, and 0.25 µg/ml Fungizone (Life Technologies, Grand Island, NY, USA). Cells were grown at 37 °C in the absence of interferon-γ for at least 4 days and one passage before use in experiments. These are conditions previously established to result in a phenotype similar to freshly primary mesangial cells [63] . Cells were propagated in the above medium containing 20 mM glucose and 10 mM mannitol. Cells were seeded for experiments in media containing DMEM with 5 mM glucose and 25 mM mannitol plus 10% serum, allowed 4 hours to adhere, and then serum-starved overnight in DMEM with 5 mM glucose and 25 mM mannitol. After 20 hours of starvation, medium was changed to DMEM with 5 mM glucose and 25 mM mannitol or 30 mM glucose, plus 10% fetal bovine serum and maintained 1-2 days before being seeded onto decellularized matrices, as indicated.
In experiments with exogenous AGE-BSA, 20 µg/ml AGE-BSA (Millipore, Darmstadt, Germany) or fatty acid-free BSA (Sigma, St. Louis, MO, USA) was added to the media at 0 and 24 hours into a 48-hour time-course. 15 µg/ml RAGE function blocking antibody (AF1179, R&D Systems, Minneapolis, MN) or lysyl oxidase (LOX) antibody (ab31238, Abcam, Cambridge, MA) was added for final 24 hours of 48 hour time-course where indicated.
NIH 3T3 fibroblasts were grown in DMEM with 10% bovine calf serum (Hyclone, Logan, UT, USA). Decellularized, three-dimensional (3D) matrices were prepared as previously described [41] . For DOC solubility and attachment assays, NIH 3T3 cells were seeded at a density of 10 5 cells/cm 2 on gelatin-coated 6-well tissue culture plates and grown for 5 days. For immunofluorescence experiments NIH 3T3 fibroblasts were grown for 10 days on glass coverslips. For gelatin coating, wells were first coated with 0.1 mg/ml Poly-D-Lysine (Sigma, St. Louis, MO, USA) for 5 minutes at 37 °C, then removed and the wells allowed to dry for 30 minutes at 37 °C and finally coated with 0.1% gelatin (Millipore, Darmstadt, Germany) for 45 minutes at room temperature. For mass spectrometry preparations, 10 cm plates were seeded without gelatin coat.
Fluorimetry
200 µg/ml of FN fragment III 9-10 was incubated in EPPS buffer (50 mM EPPS, 150 mM NaCl, pH 8.5) and 3 mM NaAzide alone or 0.1 mM MGO in EPPS buffer at 37 °C over a 14 day time-course. An excitation/emission ratio of 335 nm/385 nm was used to measure autofluorescent AGE levels in a QuantaMaster 40 Fluorometer (Photon Technology International, Birmingham, NJ, USA). The fold changes in fluorescence were calculated for treated samples relative to control-treated protein.
Mass spectrometry-based proteomic analysis
For the in-solution digest of GST-III 9-10 fragment, the fragment was first glycated for 7 days in 0.1 mM MGO, 500 mM glucose, or EPPS buffer as described above. 5 µg (25 µl) of GST-III 9-10 fragment was added to 25 µl of 2x digestion buffer (0.2 M ammonium bicarbonate pH 8.0, 0.2% RapiGest, 0.01 M TCEP, 0.02 M chloroacetamide) and incubated for 45 minutes at 37 °C. 1 µl of 0.5 M cysteine was then added and the solution was incubated for another 15 minutes at 37 °C. Chymotrypsin (Pierce Chemical Co., Rockford, IL, USA) was added to a final concentration of 100 ng/µl to each sample and incubated for 2 hours at 37 °C. The same amount of chymotrypsin was spiked into samples and the incubation continued overnight at 37 °C. The following morning, the digests were acidified to 1% trifluoroacetic acid (TFA) and incubated at 37 °C for 20 minutes. The samples were centrifuged at 16,000 x g for 10 min to pellet insoluble material. The peptides in the supernatant were collected and desalted over SDB-RPS StageTips [52] , concentrated to near dryness in autosampler vials, and resuspended in 20 µl of 1% formic acid/4% acetonitrile.
For the in-gel digestion of FN from decellularized matrices, glycated matrix was first prepared by incubating 10 cm dishes of glycated matrix for 7 days in 0.6 mM MGO, 500 mM glucose, or PBS alone at 4 °C. Decellularized matrices were washed once with PBS for 15 minutes, and then 400 µl of 4% SDS lysis buffer (4% SDS, 20 mM Tris-HCl pH 8.8, 2 mM EDTA, 2 mM PMSF) with protease inhibitor was added and remained on the plates for 10 minutes at room temperature. Aliquots (40 µl) of solubilized ECM were reduced and alkylated with 10 mM TCEP and 20 mM chloroacetamide, respectively, then were separated by SDS-PAGE on a 4 -12% Bis-Tris NuPAGE gel and stained with Coomassie SimplyBlue (Life Technologies, Grand Island, NY, USA). The band corresponding to full-length fibronectin was excised, and subjected to in-gel enzymatic digestion, as previously described [64] with some modifications as detailed below. Briefly, gel pieces were destained, and then washed with 2 rounds of dehydration and rehydration in acetonitrile and 0.05 M ammonium bicarbonate, respectively. Gel pieces were dehydrated a final time and then incubated for 90 min on ice with 20 µl of 0.1 M ammonium bicarbonate containing 40 ng/µl chymotrypsin.
The chymotrypsin solution that was not absorbed by the gel pieces was removed, the gel pieces were covered with fresh 0.1 M ammonium bicarbonate and the incubation was continued overnight at 37 °C. The next day, the supernatant was retained and the gel pieces were extracted twice with 50 µl of 5% formic acid:acetonitrile (1:2) at 37 °C for 15 min with gentle agitation. The two extracts were pooled with the supernatant, evaporated by vacuum centrifugation (< 20 µl), and adjusted to 50 µl with TFA (1% final). Peptides were desalted, concentrated, and resuspended as described above.
Peptides (4 µl) were analyzed by nanoliquid chromatography-tandem mass spectrometry, using a Dionex Ultimate 3000 nRSLC coupled online to an LTQ Orbitrap Velos mass spectrometer (ThermoFisher Scientific, Inc), as described [65] . Peptides were loaded directly on-column and resolved by reverse phase chromatography using a linear 90 min gradient of 4-35% buffer B (B: 97% ACN in 0.1% formic acid, A: 0.1% formic acid in H 2 O). Eluted peptides were analyzed by data-dependent Top 15 selection, which entails acquisition of a single MS scan in the orbitrap (resolution = 30,000, lockmass enabled) followed by MS/MS fragmentation in the ion trap by collision-induced dissociation (min. signal = 1000, normalized collisional energy = 30) of the top 15 most intense precursor ions. This cycle was repeated across the LC gradient using the following instrument parameters: FTMS and ITMS target values, 1E6 and 1E4, respectively; FTMS and ITMS max ion times, 500 and 100 ms, respectively; dynamic exclusion enabled with a repeat count of 1.
MS/MS spectra were extracted from the instrument RAW files using Proteome Discoverer (ver 1.4) and submitted to the Byonic search engine (ver 2.3.8) for database searching against the UniProt-SwissProt mouse protein database (release 2013-08). The default Byonic settings were used, with the following exceptions: precursor and fragment ion tolerances, 5 ppm and 0.4 Da, respectively; semi-specific cleavage at FYWL (C-terminus); maximum missed cleavage, 3; and mzIdentML export, True. Amino acid modifications (max total common and rare modifications, 3 and 1, respectively) were specified as fixed modification of cysteine carbamidomethylation and common variable modifications of methionine oxidation and asparagine deamidation, which were allowed for all protein sequences. To increase the specificity and sensitivity for detection of modifications on FN, the following variable modifications were allowed, but only for the human (GST-III 9-10 fragment; UniProt accession P02751-15) and mouse (full-length, UniProt accession P11276) FN database sequences: common variable modifications of dioxidation on tryptophan; Amadori (+162), carboxymethyl (+58), and carboxyethyl (+72) on lysine (CML and CEL); glyoxyal-derived hydroimiadazolone/G-H (+40), glyoxal-derived dihydroxyimidazolidine/G-DH (+58), methyl glyoxal-derived hydroimidazolone/MG-H (+54), methyl glyoxal-derived dihydroxyimidazolidine/MG-DH (+72), argpyrimidine (+80), dihydropyrimidine (+126), tetrahydropyrimidine (THP, +144), and Amadori (+162) on arginine; and rare modification of pyro-Glu at peptide N-termini. Byonic search results (3 biological replicates x 3 treatment conditions) were exported in the mzIdenML format and analyzed by Scaffold (ver 4.4.1, Proteome Software, Inc) to calculate peptide/protein probabilities using the built-in LFDR algorithm. The peptide probability threshold was selected to maintain a global PSM FDR of < 1%, based on reverse database assignments. Datasets were exported to perSPECtives (ver 2.0.5, Proteome Software, Inc) and AGE-modified spectra were manually inspected to verify the high confidence (< 1% peptide FDR) automated sequence assignments and the residue of AGE modification (see Supplemental Figure 1 for representative MS/MS spectra).
Cell binding to GST-III 9-10 and decellularized matrix
A 96-cell non-tissue culture-treated plate was coated with 0.5 µg/ml of GST-III9-10 overnight at 4°C and then blocked with 1% BSA in PBS for 30 minutes at room temperature. Cells conditioned in 30 mM glucose as described above were seeded at 1 × 10 5 cells/well in serum-free medium with 30 mM glucose and allowed 1 hour to adhere. For attachment on glycated matrix, matrices were described as above in 6-well plates. Cells conditioned in 30 mM glucose as described above were seeded at 3.6 × 10 5 cells/well in serum-free medium with 30 mM glucose and allowed 2 or 6 hours to adhere. Unattached cells were washed away once with medium. Phase-contrast images from 10 randomly selected fields were captured using a Nikon inverted TS100 microscope equipped with a Cooke Sensicam QE cooled CCD camera for each well per condition per experiment and cells were counted.
Cell lysis and immunoblotting
Cell lysates were separated into DOC-soluble and insoluble fractions as previously described [42] . Total protein concentrations were measured in the DOC-soluble fraction using a BCA protein assay (Pierce Chemical Co., Rockford, IL, USA) and equal amounts of DOC-soluble protein or proportional volumes of DOC-insoluble samples were separated by SDS-PAGE on 5% polyacrylamide gel alongside Precision Plus Protein Standard (Bio-Rad, Hercules, CA, USA). Protein was then transferred to nitrocellulose membrane. Antibody incubations were performed in buffer A (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween-20). Total FN was detected with R457 rabbit anti-FN antiserum diluted 1:5000 and rat FN was detected with IC3 monoclonal antibody against rat FN (ascites fluid diluted 1:1000). DOC-soluble samples were probed with rabbit anti-GAPDH antibody (1:2000, Cell Signaling, Danvers, MA, USA) to confirm equal loading. Horseradish-peroxidaseconjugated goat anti-rabbit-IgG and goat-anti-mouse-IgG antibody (Pierce Chemical Co., Rockford, IL, USA) secondary antibodies were diluted 1:10,000 in buffer A. Blots were developed using SuperSignal West Pico ECL reagents (Pierce Chemical Co., Rockford, IL, USA). Densitometry was performed on scanned films using Quantity One(R) software (BioRad, Hercules, CA, USA) and exposures yielding signals within the linear range were quantified. FN levels were normalized to GAPDH.
Immunofluorescence and microscopy
Cells were fixed for 15 minutes at room temperature in 3.7% (w/v) formalin (Sigma, St. Louis, MO, USA) in PBS supplemented with 0.5 mM MgCl 2 , and then washed with PBS. Alexa-Fluor-488-conjugated goat anti-mouse-IgG and Alexa-Flour-568-conjugated goat anti-rabbit-IgG secondary antibodies (Invitrogen, Eugene, OR, USA) were diluted 1:600 in 2% ovalbumin serum in PBS along with DAPI at 1:1000. Coverslips were then mounted using ProLong Gold antifade reagent (Life Technologies, Grand Island, NY, USA). All images were captured of fields selected at random using Nikon Eclipse Ti microscope equipped with a Hamamatsu C10600 ORCA-R2 digital camera. Total mean fluorescence measurements were performed using ImageJ on 10 randomly selected fields per condition and fluorescence fold-change was calculated.
Quantitative RT-PCR
RNA was extracted according to the manufacturer's instructions (Qiagen, Hilden, Germany). 1 µg of total RNA was reversed transcribed using random hexamer primers and Superscript II reverse transcriptase (Life Technologies, Grand Island, NY, USA). Primers for real-time PCR were designed using Mac Vector and reactions performed in a mix containing Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and 200 nM of each primer on the Mx3000P QPCR System (Agilent Technologies, Waldbronn, Germany). PCR reaction conditions were: 10 min at 95°, followed by 40 cycles of 15 s at 95°, 30 s at 55°, and 30 s at 72°. Data analysis was performed using MxPro TM QPCR software (Agilent Technologies, Waldbronn, Germany). All data values were normalized to those for GAPDH. Primers used in this study were: fibronectin forward, 5'-AAGGCTGGATGATGGTGGACTG-3', and reverse 5'-TGAAGCAGGTTTCCTCGGTTG-3'; GAPDH forward 5'-AATGGTGAAGGTCGGTGTGAA-3', and reverse 5'-CCGTGAGTGGAGTCATACTGG-3'.
Statistical analysis
Results are reported as the mean ± standard error for a minimum of three independent samples and mean ± range for two independent samples. Computed means were compared using Student's t-test, with p < 0.05 considered statistically significant.
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Highlights
•
Sites of non-enzymatic glycation on fibronectin within a matrix were identified.
• Our mass spectrometry-proteomics approach detected nine different species of AGEs.
• Matrix assembly was stimulated by cell interactions with an AGE-modified matrix.
• The mechanism of increased matrix assembly involves the AGE receptor (RAGE). III [9] [10] integrin-binding domain is boxed. AGE-modified sites along the length of III [9] [10] amino acid sequence are highlighted in green. The synergy site (PHSRN) and the integrinbinding RGD site are bolded. (C) Comparison of AGE modifications on individual sites within the III 9-10 modules. Nine types of AGE modification were identified and are listed across the top. The number of spectra detected for each treatment at each residue is listed in Supplemental Table 1 . The heat map indicates the relative abundance of modifications for each amino acid residue. For each residue, the number of spectra for each type of modification was summed across n = 3 biological replicates. The modification with the highest number of spectra was set at 1 (dark red). The number of spectra for each of the other modifications at the site was divided by the highest number of spectra and that fraction is represented by the appropriate gradation of red. Relative number of spectra at each site are presented as described in Figure 1C . Heat map is based on data in Supplemental Table 2 .
Pastino et al. rat FN monoclonal. Relative densitometry values are the mean of two experiments ± range normalized to GAPDH from the DOC soluble fraction. Blot is representative of two independent experiments.
